The cell surface marker CD34 marks mouse hair follicle bulge cells, which have attributes of stem cells, including quiescence and multipotency. Using a CD34 knockout (KO) mouse, we tested the hypothesis that CD34 may participate in tumor development in mice because hair follicle stem cells are thought to be a major target of carcinogens in the two-stage model of mouse skin carcinogenesis. Following initiation with 200 nmol 7,12-dimethylbenz(a)anthracene (DMBA), mice were promoted with 12-O-tetradecanoylphorbol-13-acetate (TPA) for 20 weeks. Under these conditions, CD34KO mice failed to develop papillomas. Increasing the initiating dose of DMBA to 400 nmol resulted in tumor development in the CD34KO mice, albeit with an increased latency and lower tumor yield compared with the wild-type (WT) strain. DNA adduct analysis of keratinocytes from DMBA-initiated CD34KO mice revealed that DMBA was metabolically activated into carcinogenic diol epoxides at both 200 and 400 nmol. Chronic exposure to TPA revealed that CD34KO skin developed and sustained epidermal hyperplasia. However, CD34KO hair follicles typically remained in telogen rather than transitioning into anagen growth, confirmed by retention of bromodeoxyuridine-labeled bulge stem cells within the hair follicle. Unique localization of the hair follicle progenitor cell marker MTS24 was found in interfollicular basal cells in TPA-treated WT mice, whereas staining remained restricted to the hair follicles of CD34KO mice, suggesting that progenitor cells migrate into epidermis differently between strains. These data show that CD34 is required for TPA-induced hair follicle stem cell activation and tumor formation in mice. [Cancer Res 2007;67(9):4173-81] 
Introduction
The skin is a complex organ, composed in part of a stratified epidermis that undergoes continual renewal. The regenerative capacity of the epidermis is conferred by stem and progenitor cells residing in the hair follicle and interfollicular epidermis (1) (2) (3) . It is widely recognized that a population of multipotent stem cells is localized to the bulge region of the hair follicle, which is a distinct ''niche'' that is relatively protected from external damage and participates in normal follicular growth/rest cycling (1, 4) . However, recent evidence has shown that, although epidermal stem cells in the bulge region do not actively participate in epidermal homeostasis (5-7), they do contribute to wound repair (6) .
There has been considerable discussion of the role of hair follicle stem cells in skin carcinogenesis (8, 9) . The two-stage model of mouse skin carcinogenesis is based on a large body of data in mice exposed to a specific initiation-promotion regimen, which involves treatment of the skin with a subtumorigenic dose of a carcinogen followed by exposure to a tumor promoter, inducing chronic regenerative hyperplasia. Mutated cells then undergo expansion, forming benign papillomas and eventually cancerous lesions (10, 11) . The two-stage model provides insights into the nature of the cell populations at risk for tumor development in addition to lending insight into the mutational events that contribute to this process. Recent evidence has shown that papillomas can arise from initiated cells harbored within two distinct compartments within the skin: the interfollicular epidermis and within the hair follicle (12) . Because initiated skin retains the ability to form papillomas, even with long intervals between carcinogen exposure and tumor promotion, it is believed that carcinogen target cells are composed at least in part of epidermal stem cells in the hair follicle bulge region, which are preserved over the life of the animal through many hair follicle generations. Thus, it has been proposed that, in the two-stage mouse model of skin carcinogenesis, hair follicle epidermal stem cells are carcinogen target cells that give rise to a population of latent neoplastic cells that contribute, along with target cells within the interfollicular epidermis, to tumor development (8, 9) .
Characterization and experimental manipulation of mouse hair follicle stem cells has become possible in recent years due to the discovery of cell surface markers capable of enriching bulge-derived stem cells with fluorescence-activated cell sorting (FACS; refs. [13] [14] [15] and the generation of transgenic mouse models (4, 16, 17) . Recently, it has been shown that the cell surface glycoprotein CD34 is uniquely expressed on mouse hair follicle bulge keratinocytes (15) , and the cell surface properties of CD34 have facilitated isolation of living keratinocytes with stem cell characteristics from mouse hair follicles (15, 18) . In addition to keratinocytes, CD34 is expressed on mouse hematopoietic stem and progenitor cells (19) as well as on more differentiated cell types, including mast (20) and endothelial cells (21) . Poblet et al. (22) first reported that CD34 is expressed in human hair follicles, specifically in the outer root sheath cells of anagen follicles, although recent evidence shows that CD34 is not expressed specifically in the bulge region of human hair follicles (23, 24) . However, CD34-expressing outer root sheath cells in human hair follicles do not coexpress Ki67, so this is likely a quiescent population of cells. 11 Recent evidence suggests that the function of CD34 is dependent on cellular context [e.g., CD34 acts as an adhesion molecule in specialized blood vessels (reviewed in ref. 25) but as an antiadhesion molecule in mast cells (26) ], and its activity is potentially regulated by cytosolic binding proteins (27) . In the mouse, CD34 specifically localizes to hair follicle stem cells, which are thought to be carcinogen targets and the cells of origin for skin tumors in mice and humans. We therefore investigated the role of CD34 in cutaneous papilloma formation using a CD34 knockout (KO) line developed by Suzuki et al. (28) . Tumor development was abrogated or significantly delayed depending on the initiating dose of 7,12-dimethylbenz(a)anthracene (DMBA), which was shown to be metabolically activated into carcinogenic DNA adducts. We present evidence that hair follicle bulge cells lacking CD34 expression have a delayed response to 12-O-tetradecanoylphorbol-13-acetate (TPA)-induced proliferation, resulting in delayed anagen onset, indicating that CD34 plays a major role in hair follicle bulge stem cell activation. In addition, we found that basal cells within the interfollicular epidermis of CD34KO mice lack TPA-induced reactivity with the hair follicle progenitor cell surface marker MTS24 (29) , which, shown here for the first time, is abundantly expressed in the interfollicular epidermis of TPA-treated wild-type (WT) mice. These studies show that CD34 is critical for epithelial carcinogenesis in mouse skin, with effects in stem cell activation and migration of initiated cells out of the hair follicle.
Materials and Methods
Animals. To generate colonies of mice for experimental procedures, breeding pairs of CD34KO mice were obtained from Dr. T.W. Mak (University of Toronto, Toronto, Ontario, Canada; ref. 28 ) and maintained in the animal facility of Integrated Laboratory Systems, Inc. (Durham, NC) in accordance with institutional guidelines for the care and use of laboratory animals. B6.129F1 control animals were purchased from The Jackson Laboratory, and C57BL/6 WT control animals were purchased from Charles River Laboratories, Inc.
Chemicals. DMBA and TPA were obtained from Sigma-Aldrich and prepared in acetone (Fisher Scientific) for animal studies. Bromodeoxyuridine (BrdUrd; Sigma-Aldrich) was prepared in saline to deliver 50 Ag/dose [label-retaining cell (LRC) experiment]. The F anti-7,12-DMBA-3,4-dihydro-1,2-epoxide (anti-DMBADE) and F syn-7,12-DMBA-3,4-dihydro-1,2-epoxide (syn-DMBADE) were synthesized by previously reported methods (30, 31) and were >98% pure.
Immunohistochemical characterization of CD34KO and WT skin. Whole skin was either fixed overnight in 10% neutral buffered formalin (NBF) or frozen in OCT compound (Tissue-Tek; American Master*Tech Scientific). Antibodies used for immunohistochemistry included rat antimouse CD34 (BD PharMingen) and mouse anti-human BrdUrd (BD PharMingen). Specifics for CD34 immunostaining are described previously (15) . Protocol details for BrdUrd staining in paraffin sections can be found at the National Institute of Environmental Health Sciences Laboratory of Experimental Pathology (Special Techniques Group) Web site.
12 MTS24 immunostaining was done essentially as described elsewhere (29) .
Keratinocyte harvest and flow cytometry. Keratinocytes were harvested from 7-week-old WT and CD34KO mice as described previously (32) . Single-cell suspensions were stained with antibodies to CD34 and a 6 integrin (both from BD PharMingen) as described elsewhere (15) for FACS analysis. Cells were examined on a FACSVantage SE flow cytometer equipped with digital electronics (Becton Dickinson), with propidium iodide added just before examination. All samples were excited at 488 nm, and FITC, propidium iodide, and cychrome were detected at 530, 575, and 660, respectively. Ten thousand cells were examined per sample and analyzed using BD FACSDiva software.
Skin tumor experiments. Seven-week-old CD34KO and WT male and female mice were initiated with 200 (experiments 1 and 2) or 400 nmol (experiment 3) DMBA in 200 AL acetone. One week later, mice were dosed topically thrice weekly with either 4 Ag TPA in 200 AL acetone (experiments 1 and 2), 5 Ag TPA in 200 AL acetone (experiment 3), or acetone alone (200 AL; all experiments) for 20 weeks. Experiments 1 and 2 were conducted using both male and female CD34KO and B6.129 mice (experiment 1 included 10 males and 10 females, and experiment 2 included 10 males and 5 females). Small numbers of mice were placed into additional control groups (total of five mice per group, using both male and female), including DMBA (once) + acetone (thrice weekly), acetone (once) + TPA (thrice weekly), and acetone (once) + acetone (thrice weekly). For experiment 3, male and female CD34KO and C57BL/6 mice were used (seven males and six females for both strains). Papilloma development was tracked weekly for 20 weeks in experiments 1 and 3 and for 25 weeks in experiment 2. A papilloma was counted if z1 mm in size.
Analysis of DNA adduct formation by 32 P-postlabeling. Mice were dosed with either 200 or 400 nmol DMBA, and keratinocytes were harvested (15, 32) 24 h after initiation. Calf thymus DNA adducts were prepared with stock anti -DMBADE and syn-DMBADE and extracted as described elsewhere (33) . The procedures used in the reactions of anti-DMBADE and syn-DMBADE with 3 ¶-dGMP and 3 ¶-dAMP were a modification of the techniques described by Lau and Baird (34) . For 32 P-postlabeling, analysis of genomic DNA isolated from DMBA-initiated keratinocytes was conducted as described elsewhere (35) (36) (37) . Separation of 32 P-labeled nucleoside-3 ¶,5 ¶-bisphosphate adducts was carried out on a Hewlett-Packard Series 1100 HPLC System (Hewlett-Packard Co.) using a 5 Am, 4.6 mm Â 250 mm Zorbax phenyl-modified column (MAC-MOD Analytical, Inc.). Radiolabeled nucleotides were detected by scintillation counting, and retention times of 32 P-postlabeled DNA adducts were expressed as relative retention time (RRT), calculated by dividing the retention time of the 32 P-postlabeled DNA adducts by the retention time of the internal standard (cis-9,10-dihydroxy-9,10-dihydrophenanthrene; a gift from Dr. David H. Phillips, Haddow Laboratories, The Institute of Cancer Research, Sutton, Surrey, United Kingdom). The reproducibility of the RRT is F0.03.
Assessment of the epidermal response of CD34KO and WT mice to chronic TPA exposure. The skin of seven-week-old CD34KO and WT male and female mice was dosed with four applications of either 5 or 10 Ag TPA in 200 AL acetone, administered twice weekly over 2 weeks (4 Â 5 Ag and 4 Â 10 Ag, respectively), and tissues were collected 24 or 48 h after the last dose following a 1-h exposure to BrdUrd (i.p. at 50 mg/kg). To ensure that animals were in the resting (telogen) stage of the hair follicle cycle at start of treatment, mice were shaved 2 days before dosing. Animals showing hair regrowth at the time of first dosing were not used in these experiments. A single piece of skin was taken from the site of application, fixed in 10% NBF, and prepared for histologic examination as well as immunostaining. For photomicrograph preparation, slides were scanned at 200Â using the Aperio ScanScope T2 Scanner (Aperio Technologies, Inc.) to capture high-resolution, seamless digital images. After scanning, slides were viewed using Aperio ImageScope v. 6.25.117 (Aperio Technologies) to capture images. Photomicrographs were also prepared using an Olympus BX51 microscope (Opelco) combined with a Sony iCY-SHOT DXC-S500 digital camera (Sony Corp.).
LRC formation and response to TPA. Three-day-old CD34KO and WT pups were injected twice daily for 3 days with BrdUrd at 50 Ag/dose, for a cumulative daily dose of 100 Ag. Skin was collected 7 weeks after the last dose to assess LRC formation and localization under steady-state conditions. To assess bulge cell response to TPA exposure, 7-week-old mice injected with BrdUrd as pups were treated topically with TPA (4 Â 5 Ag or 4 Â 10 Ag), with skin collected 24 and 48 h after the last dose. LRC localization was assessed using light microscopic examination of BrdUrdstained tissues.
Statistics. Percentages of tumor-bearing animals were compared between CD34KO and WT mice using Fisher's exact test at each week.
Results

Characterization of CD34KO Mouse Skin
The skin of CD34KO mice was compared with that of WT mice to (a) determine if a skin phenotype was apparent in untreated CD34KO epidermis and (b) confirm that CD34 expression was lost in hair follicle keratinocytes. CD34KO mice were originally on a C57BL/6.129 background, with backcrosses to C57BL/6 mice made by the developing laboratory. In the current experiments, B6.129 mice as well as C57BL/6 mice were used as the WT control to address the unknown amount of 129 retained in the CD34KO genetic background, which is of particular concern because the 129 background confers sensitivity to tumor induction protocols (38) and residual 129 can still affect phenotype even after as many as 10 backcrosses to C57BL/6 (39). The WT strain shown for most experimentation described herein is from comparisons to the B6.129 background unless otherwise noted. H&E-stained sections from 7-week-old CD34KO mice showed normal morphology, spacing, and orientation of hair follicles and normal epidermal thickness (Fig. 1, top) . As expected, no CD34 expression was detected in single-cell suspensions of keratinocytes or in formalin-fixed sections of CD34KO skin (Fig. 1 , FACS and IHC, respectively). Expression of keratin 15 (40) , S100A4, and S100A6 (data not shown; ref. 41 ) was detected in the hair follicles of both strains, indicating normal expression and localization of other bulge markers. These data confirm normal Figure 1 . CD34KO mouse skin lacks CD34 expression and appears normal histologically. Top, skin from 7-wk-old WT and CD34KO mice was fixed in 10% formalin and stained with H&E; middle, single-cell suspensions of keratinocytes were stained with antibodies to a 6 integrin and CD34 and analyzed by FACS; bottom, formalin-fixed sections were stained with a rat anti-mouse CD34 antibody. Bar, 50 Am.
morphology of the hair follicle bulge region despite the absence of CD34 expression in CD34KO mice.
Tumor Development in DMBA-Initiated, TPA-Promoted CD34KO Mice
The combination of CD34 localization to a hair follicle epidermal stem cell population in conjunction with these cells as probable targets of carcinogens led us to hypothesize that CD34 may play a role in skin tumor formation in mice. To test this hypothesis, 7-week-old CD34KO (28) and WT B6.129 mice were first initiated with 200 nmol DMBA and then promoted with TPA, and tumor development was followed for at least 20 weeks in two independent studies. Under these conditions, no skin papillomas were detected on DMBA-initiated/TPA-promoted male or female CD34KO mice ( Fig. 2A and B) . In contrast, both male and female WT mice developed papillomas following initiation and promotion. Because male WT mice had a higher tumor frequency than female WT mice, tumor multiplicity (average number of tumors per mouse; Fig. 2A ) and tumor incidence (percentage tumor-bearing mice; Fig. 2B ) are shown for male mice only. By week 12 in experiment 1, significantly more WT mice had tumors (P < 0.05) than did CD34KO, and this occurred by week 11 in experiment 2 (P < 0.02). By the end of each study, the statistical significance had strengthened (P < 0.0001 and 0.0004 for experiments 1 and 2, respectively) as tumor multiplicity increased in WT mice, whereas CD34KO remained tumor-free.
An additional tumor experiment was conducted with CD34KO using C57BL/6 mice as the WT strain, and in this case, the initiating dose of DMBA was increased to 400 nmol, and the promoting dose of TPA was increased from 4 to 5 Ag per application. The purpose here was to compare the CD34KO mouse to an alternate WT strain and to test the effect of a more stringent initiation-promotion regimen on tumor development, given the predominant C57BL/6 background of the KO mice. Although both males and females were used in this experiment, data for males only are shown, as females were not uniformly in telogen at initiation. As shown in Fig. 2C and D, male CD34KO mice developed papillomas late in the study, starting at week 15 of promotion, compared with week 8 for the WT mice. In addition, the overall tumor numbers were lower in the CD34KO mice by week 20 (average of 0.4 F 0.3 papillomas per mouse for the CD34KO males compared with 4.6 F 1.6 for WT; P < 0.03). Female CD34KO mice also developed a low incidence of tumors (data not shown), although one female developed a single papilloma at week 8 of promotion and went on to develop four papillomas by end of study. Therefore, increasing the dose of DMBA resulted in papilloma development with a significantly increased latency and reduction in overall tumor numbers, confirming an important role for CD34 in tumor development.
The results of the tumor experiments described above suggest a critical role for CD34 in either the initiation or promotion stages, although the ability to form at least some tumors implicates a stronger role in promotion. However, because of the lack of a tumor response at the 200 nmol dose of DMBA and the attenuated response at 400 nmol DMBA, we were interested in assessing the ability of the CD34KO mice to metabolically activate DMBA. In order for a papilloma response to be elicited in DMBA-initiated tumorigenesis, DMBA must be metabolically activated by members of the P450 family into DMBADEs (10) . DNA adducts form from these metabolites, particularly to the adenine residue in codon 61 in the c-Ha-ras proto-oncogene, ultimately forming a permanent mutation in ras (A to T transversion; ref. 10). In general, this is considered to be the causal event in the two-stage skin tumor model, as >90% of DMBA-induced papillomas carry this mutation (42) .
CD34KO and WT C57BL/6 mice were dosed with either 200 or 400 nmol DMBA and keratinocytes were harvested 24 h after exposure, and then DNA adduct formation was assessed by 32 Ppostlabeling analysis (Fig. 2E) . Additionally, a group of CD34KO and WT B6.129 mice was initiated with 200 nmol DMBA for adduct analysis 24 h after exposure (data not shown). The primary carcinogenic DMBADEs syn-dAdenine and anti-dAdenine [dAdo; retention times of 0.96 min (I) and 1.05 min (II), respectively] were present in both strains at both doses at similar levels (Fig. 2D) , although total adenine adduct levels were slightly lower in CD34KO mice at the 400 nmol dose of DMBA (Fig. 2E) . However, these data showed that DMBA was metabolically activated by CD34KO keratinocytes at both doses of DMBA. Therefore, we conclude from this evidence as well as from the ability to form at least some tumors at the higher dose of DMBA that the defect in tumor development in the CD34KO mouse is not due to a lack of metabolic activation of DMBA and DNA adduct formation critical for papilloma development in the initiation stage.
Response of CD34KO Skin to Chronic TPA Exposure
Because our evidence ruled out a significant effect of CD34 on tumor development in the initiation phase in the two-stage model, we were interested in investigating factors that affect promotion. Tumors develop from initiated cells in the skin during promotion partially as a consequence of chronic epidermal hyperplasia (10) . Therefore, we undertook experiments to study the epidermal and Figure 3 . Response of CD34KO epidermis and hair follicles to short-term TPA exposure. To test the ability of CD34KO skin to develop epidermal hyperplasia, 7-wk-old WT and CD34KO mice were subjected to short-term TPA exposure. Mice were dosed twice weekly for 2 wks with either 5 or 10 Ag of TPA, and tissues were collected at 24 and 48 h after the last dose. In addition, beginning at postnatal day 3, CD34KO and WT pups were injected with BrdUrd twice daily for 3 d to generate LRCs. Tissues were fixed in formalin, sectioned, and stained with anti-BrdUrd to identify the quiescent LRCs both under steady-state conditions and after TPA treatment. A, H&E-stained, high-magnification photomicrographs of the interfollicular epidermis in WT (left ) and CD34KO (right ) to both doses of TPA, 48 h only. Bar, 20 Am. Arrowheads, basal cells. Compare the simple cuboidal cells of the CD34KO mouse with the irregular layers of larger elongated basal cells of WT mice. B and C, photomicrographs of H&E-stained skin taken 24 and 48 h after the last dose of either 4 Â 5 Ag TPA or 4 Â 10 Ag TPA. Bar, 100 Am. In WT mice, previously resting hair follicles enter the growing stage in response to TPA treatment. In contrast, hair follicles in CD34KO mice remain in telogen, the resting phase of the hair cycle. Left, WT images; right, CD34KO images. Compare the small inactive hair follicles and thin epidermis of CD34KO mice with the large active growing hair follicles extending deep into the thick dermis of WT mice. D, LRC localization in WT and CD34KO hair follicles after a 7-wk chase. Bar, 25 Am. E, LRC response after TPA treatment. Left, WT; right, CD34KO. Bar, 25 Am. Arrows, bulge. Note in (E) the highly cellular, active hair follicles in WT mice.
hair follicle bulge stem cell response in CD34KO mice following chronic exposure to TPA.
Histologic evaluation of response to TPA. Both WT and CD34KO mice responded to TPA with moderate hyperplasia of the epidermis, although epidermal thickness was increased in WT skin at both dose levels (shown WT B6.129; Fig. 3A-C) . Interestingly, the numbers of BrdUrd-positive cells in the interfollicular epidermis after pulse labeling for 1 h before euthanasia were similar between the two strains (data not shown). The organization of the keratin layer was similar between strains, with no differences either histologically or with immunostaining using keratin markers (data not shown). At both doses of TPA, basal cells of the interfollicular epidermis were small and uniformly cuboidal in the CD34KO skin (48-h time point shown for 4 Â 5 Ag and 4 Â 10 Ag TPA; Fig. 3A, arrowheads) , whereas the basal layer in WT mice was characterized by increased numbers of basal cells, often having large elongated rectangular shapes characteristic of activated keratinocytes (48-h time point shown for 4 Â 5 Ag and 4 Â 10 Ag TPA; Fig. 3A, arrowheads) . Although epidermal thickness was greater in WT B6.129 mice at both treatments and at both time points, epidermal thickness was similar between CD34KO and C57BL/6 mice after TPA treatment (data not shown), indicating that the difference in hyperplasia between CD34KO and B6.129 mice was possibly due to the C57BL/6 component of the KO strain background.
Because inflammation is a critical factor in skin tumor development in mice (10) , and because CD34KO mice have been shown to have perturbations in mast cell recruitment (26) and eosinophil accumulation after allergen exposure in the lung (28), we carefully examined the dermal compartment for differences between strains in inflammatory cell composition after TPA exposure. Inflammatory cell composition was similar between the CD34KO mouse and the two WT strains, consisting of small numbers of eosinophils and some neutrophils, although inflammation was more severe in the higher dose of TPA. Mast cell numbers were similar between strains as well, as indicated by staining with toluidine blue (data not shown). These data indicate that a defect in inflammation is not an underlying factor in the skin tumor phenotype in CD34KO mice.
Delay in hair follicle cycling in CD34KO mice. A striking feature of TPA-exposed CD34KO skin was found in the hair follicle response. TPA exposure results in the activation of bulge stem cells, leading to entry of the hair follicle into anagen growth (1, 43, 44) . Before TPA treatment, all mice were clipped to ensure that the skin was in the telogen or resting stage, based on lack of hair growth 24 to 48 h after clipping. After treatment, as seen in Fig. 3B and C Figure 4 . Localization of the hair follicle progenitor cell marker MTS24 in WT and CD34KO skin. To determine if lack of CD34 expression in hair follicles affected the localization of the hair follicle progenitor marker, untreated and TPA-treated CD34KO and WT skin was subjected to immunostaining with a mouse-specific MTS24 antibody. Top, localization to the midportion of telogen hair follicles (arrows ) in untreated WT and CD34KO skin (7 wks of age); bottom, staining in anagen hair follicles (arrow) 48 h after the last of four applications of TPA (10 Ag/dose). Note staining in the interfollicular epidermis extending into the suprabasal layers (*). Bottom middle, higher-magnification view of MTS24 labeling in basal cells of the interfollicular epidermis in WT skin after TPA (*); bottom right, MTS24 staining remains restricted to hair follicles in CD34KO (arrows ) after TPA treatment. Insets, MTS24 staining (red) without 4 ¶,6-diamidino-2-phenylindole (DAPI ; blue ). Bar , 50 Am.
(4 Â 5 Ag TPA and 4 Â 10 Ag TPA, respectively), hair follicles were typically in anagen in WT skin, with large, heavily pigmented, and basophilic hair bulbs extending deep into the dermis. In contrast, hair follicles in TPA-treated CD34KO remained in telogen or early anagen regardless of dose or time after the last dose. Supplemental studies using C57BL/6 as control animals confirmed that the hair follicle phenotype was unique to the CD34KO (data not shown). These data indicate that hair follicle bulge cells exhibited delayed activation in response to proliferative signals from the hyperplastic epidermis or from inflammatory cells in the dermis in CD34KO mice.
Proliferative response of CD34KO hair follicle bulge cells to TPA. To study directly the effect of TPA exposure on hair follicle bulge keratinocytes, we generated LRCs, a widely accepted in vivo marker of slowly cycling epidermal stem cells (1, 45) . Three-day-old CD34KO and WT pups were injected with BrdUrd twice daily until postnatal day 6 and then maintained without treatment for 7 weeks. Control animals were euthanized at the end of 7 weeks. Experimental animals were dosed with TPA (4 Â 5 Ag or 4 Â 10 Ag) during weeks 7 to 9. Tissue samples were collected 24 and 48 h after the last dose of TPA. BrdUrd-positive LRCs were localized in similar numbers to the hair follicle bulge regions in control CD34KO and WT mice (Fig. 3D) . When BrdUrd-labeled bulge cells are stimulated to proliferate, the labeled nuclei exhibit a speckled pattern consistent with cell division (46) . In addition, the number of labeled nuclei within the hair follicle bulge decreases as stem cell progeny migrate upward out of the bulge into the infundibulum and downward to form the lower hair follicle (43, 44, 46) . This dilution response can be visualized in WT hair follicle after both doses of TPA (Fig. 3E) , where the number of labeled cells within the bulge is reduced as expected with transition into anagen growth (43, 44) . In contrast, BrdUrd-labeled nuclei are still heavily stained and remain concentrated in the bulge region in CD34KO hair follicles, consistent with lack of activation and transition out of telogen (Fig. 3E) . The skin of DMBA-initiated, TPA-promoted mice from the tumor studies described previously were examined 1 week after cessation of dosing. Anagen follicles were evident in all strains (data not shown), indicating that the hair follicles of CD34KO mice are capable of entering into active growth with continued TPA treatment. These data suggest that CD34 plays an important role in bulge cell activation in response to proliferative signals generated in the skin by TPA exposure and that the lack of bulge cell activation in the early stages of promotion contributes to the inability to form papillomas.
MTS24 Labeling in Basal Cells of TPA-Treated WT Epidermis
Recently, a population of hair follicle cells located between the mouse sebaceous gland and hair follicle bulge region has been shown to label with the MTS24 antibody, a cell surface marker that was originally described as a marker for thymic epithelial progenitor cells (47, 48) . Although MTS24-positive cells do not express CD34 or keratin 15, and have relatively few LRCs, they nonetheless exhibit increased colony growth in clonogenic culture (29) . However, it remains unknown whether this population is derived from bulge cells or represents an independent progenitor cell population. Because MTS24-positive hair follicle cells are potentially derived from CD34-positive bulge stem cells (29) , we investigated whether MTS24 localization would be altered in the hair follicles of CD34KO mice. In addition, we were interested in the response of MTS24-positive hair follicle cells to TPA exposure in WT and CD34KO mice to determine if this population potentially contributed to the hair follicle phenotype described above (Fig. 3B and C) . MTS24 was similarly localized in hair follicles of 7-week-old untreated WT and CD34KO mice (Fig. 4, top) . Although levels of MTS24 reactivity increased in anagen hair follicles in TPA-treated mice (shown WT; Fig. 4 , bottom left), this is consistent with observations in spontaneous anagen in adult mice (29) and is therefore not likely related to TPA exposure. Unexpectedly, MTS24 labeling was observed in the interfollicular epidermis of TPA-treated WT mice (Fig. 4 , bottom left and bottom middle), whereas staining remained restricted to the hair follicles of CD34KO mice in spite of moderate TPA-induced hyperplasia (4 Â 10 Ag TPA at the 48-h time point shown for both strains; Fig. 4, bottom right) . In WT mice, MTS24 staining in the interfollicular epidermis was most abundant at the high dose of TPA (4 Â 10 Ag) and at 48 h after the last dose, although staining was noted at both time points at both doses of TPA (data not shown). Staining was mostly restricted to basal cells within the interfollicular epidermis (Fig. 4, bottom middle) , but suprabasal staining was noted in some instances as shown in Fig. 4 (bottom left) . Because MTS24 has not been observed in the interfollicular epidermis of adult mice regardless of hair follicle stage (29) , these findings show that MTS24 labeling in the hyperplastic epidermis is unique to TPA and suggests an association with MTS24-labeled cells emerging from the hair follicle into the interfollicular epidermis. Therefore, the differential staining pattern in TPA-treated WT and CD34KO skin may ultimately provide insight into the behavior of hair follicle progenitor cell response to TPA and the recruitment of initiated cells into the interfollicular epidermis during tumor promotion.
Discussion
We report here that the stem and progenitor cell marker CD34 is required for skin tumor development in mice. Our evidence suggests that the underlying mechanism governing the loss of tumor-forming capacity in CD34KO mice involves disruption in the normal response of the hair follicle stem and progenitor cell population to proliferative signals elicited by TPA exposure.
Several lines of evidence indicate that at least one population of carcinogen target cells resides in the hair follicle in the two-stage mouse model of skin carcinogenesis. Because tumors can arise from initiated skin even with promotion beginning after several hair cycle generations, it is reasonable to assume that these cells must not participate in the normal cell turnover to persist (9, 12, 49) . Recent work has shown that carcinogen target cells form both in the interfollicular epidermis and in hair follicles, which is shown by a 50% reduction in papilloma development in mice in which the epidermis was removed after initiation (12) . Based on this, we initially hypothesized that there would be a 50% reduction in skin tumor development in initiated/promoted CD34KO mice and that CD34 may have a functional role in bulge cell response to proliferative signals. We hypothesized that carcinogen target cells in the interfollicular epidermis would likely bypass CD34-mediated effects and retain the ability to form tumors.
In our initial studies, the complete lack of tumor development in CD34KO mice was unexpected. This suggested that CD34 was required for tumor development whether intrinsic to the keratinocyte in bulge cells or extrinsic in cellular components of the stromal compartment, including CD34-positive mast and endothelial cells. With regard to the latter, inflammatory cell composition, mast cell numbers, and angiogenesis (data not shown) are similar between strains following TPA treatment, suggesting that loss of CD34 outside of the epidermis is less likely to contribute to tumorigenesis. In addition, expression of other proteins [e.g., endoglycan on endothelial cells (50) or CD43 on mast cells (20) ] can act in a compensatory manner and preserve normal function, offering in part an explanation for the relatively normal physiology exhibited by CD34KO mice. Although our data do not indicate significant differences between the CD34KO and WT strains, we cannot rule out a contribution of nonepithelial components to tumor development.
The lack of tumor formation, particularly with regard to initiated cells within the interfollicular epidermis, led us to consider the possibility of a defect in DMBA-induced adduct formation, thus implicating perturbation in initiation as the critical component in the tumor phenotype. DNA adduct analysis tended to rule this out, however, because the CD34KO mice were clearly capable of metabolically activating DMBA into carcinogenic diol epoxides at the two different dose levels tested. It is interesting to note that, in the experiments where mice were initiated with 200 nmol DMBA, at the time WT mice began to give evidence of squamous exophytic foci (after 6-7 weeks of promotion), the skin of some CD34KO mice showed similar foci but these never developed into papillomas, suggesting that tumor-forming potential was present. Indeed, we found that increasing the initiating dose of DMBA to 400 nmol did result in papilloma formation in the CD34KO mice, albeit with a 7-week latency. The delay in papilloma formation combined with the virtually identical DNA adduct profile between strains showed that the CD34KO mice were essentially competent at initiation. Therefore, the tumor phenotype was most likely due to an effect on factors affecting promotion and outgrowth of initiated cells.
Several important studies have clearly shown that stem cell progeny migrate out of the bulge and form the lower hair follicle (4, 46, 51) . Bulge cell progeny have also been shown to populate the basal layer of the interfollicular epidermis on wounding (5, 7, 46, 52) . In addition, it has been shown the bulge cells transiently proliferate at anagen onset (44) and are stimulated to proliferate following TPA exposure (43, 44) . With regard to papilloma formation, Binder et al. (53) provided evidence suggesting that, with TPA promotion, initiated cells from the hair follicle populate the infundibulum, proliferate and extend into the interfollicular epidermis, and eventually expand into papillomas. Our studies suggests that, in the absence of CD34, bulge cells are not activated appropriately in response to proliferative signals emerging either from hyperplastic epidermis or from inflammatory cells in the dermis following TPA exposure. This results in a delayed transition into anagen growth and altered migration of potential initiated cells into the proliferative environment of the TPA-treated interfollicular epidermis. Support for a critical role for bulge cell progeny in tumor development comes from the failure of signal transducers and activators of transcription 3 (STAT3) KO mice to develop tumors following a similar initiation/ promotion regimen (54) . Apoptosis of bulge cells lacking STAT3 expression following DMBA exposure at initiation most likely contributed to the failure to develop tumors (54) , highlighting the importance of this population to papilloma formation in mice.
Our observations may also be supported by the evidence of MTS24 staining in the basal cells of the interfollicular epidermis of WT, but not CD34KO, mice following TPA treatment. MTS24-positive cells are normally restricted to the region between the sebaceous gland and the bulge region within the hair follicle (29) ; our data show that labeling in the interfollicular epidermis of TPA-treated WT mice is typically associated with labeling within the hair follicle. Although lineage studies are necessary to define this relationship, these data are suggestive that MTS24-labeled cells are emerging into the interfollicular epidermis from the hair follicle with TPA treatment rather than expression being induced in basal cells by TPA exposure. Therefore, lack of MTS24 staining in the interfollicular epidermis of TPA-treated CD34KO mice may be associated with failure of hair follicle cell migration into the interfollicular epidermis following TPA stimulation. It should be noted that hair follicles in CD34KO skin are capable of spontaneous anagen and normal hair growth. Based on this, we speculate that the biological role of CD34 may differ in the epithelial-mesenchymal signaling that occurs during normal follicular cycling versus that which is stimulated under wounding or other highly proliferative conditions. Although the underlying mechanism is unknown, CD34 may significantly affect the adhesive properties of bulge stem cells as well as in proliferation and differentiation based on the presence of functional protein kinase C phosphorylation sites (55) . Key regulators of CD34 expression, including c-myc (56) and TGFb1 (57), may also position CD34 as a mediator of stem cell proliferation, migration, and cell fate decisions.
In summary, our data suggest that CD34 may be a participant in hair follicle bulge cell activation and provide evidence that bulge cell progeny are required for skin tumor development in mice. These findings highlight the potential contribution of stem cells to skin carcinogenesis and offer an opportunity for gaining insight into the earliest stages of neoplastic development.
